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A historical review of the development of biokinetic model of lead is presented. Biokinetics is
interpreted narrowly to mean only physiologic processes happening within the body. Proceeding
chronologically, for each epoch, the measurements of lead in the body are presented along with
mathematical models in an attempt to trace the convergence of observations from two disparate
fields-occupational medicine and radiologic health-into some unified models. Kehoe's early
balance studies and the use of radioactive lead tracers are presented. The 1960s saw the joint
application of radioactive lead techniques and simple compartmental kinetic models used to
establish the exchange rates and residence times of lead in body pools. The applications of stable
isotopes to questions of the magnitudes of respired and ingested inputs required the
development of a simple three-pool model. During the 1980s more elaborate models were
developed. One of their key goals was the establishment of the dose-response relationship
between exposure to lead and biologic precursors of adverse health effects. Environ Health
Perspect 106(Suppl 6):1461-1465 (1998). http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-6/
1461-1465rabinowitz/abstract.html
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Consideration of lead biokinetics from a
historical perspective promises to provide
some useful insights. The evolution ofour
thinking on this topic reveals which con-
cerns or problems are transient, dealt with
once years ago and no longer requiring fur-
ther validation, and which issues seem to be
recurring, and the forms these recurring
topics take today.
For this presentation the term biokinetics
is interpreted rather narrowly to mean only
physiologic processes happening within the
body. It is concerned with how lead is dis-
tributed within our body rather than the
many processes in the environment that
bring the lead to the mouth. These bio-
kinetic models are conceptual, numerical
descriptions that could explain observa-
tions or predict hypothetical situations. So
the emphasis in this article is our changing
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understanding of how lead is distributed
within the body, how long it resides there,
and how it is excreted. Less stress is placed
on means of exposure or uptake of envi-
ronmental lead. Proceeding chronolog-
ically, for each epoch the measurements of
lead in the body will be presented along
with mathematical models in an attempt
to trace the convergence of observations
from two disparate fields-occupational
medicine and radiologic health-into
some unified models.
Early Observations
The earliest clinic observations of lead
poisoning noted its peculiar time course.
The Devonshire colic, documented by Sir
George Baker in 1768, serves as an exam-
ple (1). It was caused by the use oflead in
apple cider presses and vats. Sometimes
lead metal was added to the cider to pre-
vent spoilage. The abrupt onset ofabdomi-
nal symptoms was some time after the
patient started to drink the tainted cider,
longer than simple food poisoning. The
palsy came even later. Even in cases offatal
outcome, the symptoms did not appear
with the onset ofexposure. The notion was
that the delay in onset of symptoms was
caused by the accumulation of lead in the
body until it reached sufficient levels.
Similar experience with industrial lead
poisoning, for example, noted by Charles
Dickens in 1861 (2), reinforced this
notion that illness, should it come, would
not come immediately, but only after
sufficient time for the lead to accumulate.
Moving forward to the 1930s in
Cincinnati, Ohio, Kehoe et al. (3) reported
studies of the absorption and excretion of
lead in normal adults and in those with
lead poisoning. These included dosing
human volunteers and measuring their
intakes, outputs, and blood lead levels.
Kehoe et al. reported that small, natural
amounts of lead are present in human tis-
sues. They used a spectrographic method
but did not appreciate until later the role
of laboratory contamination of samples.
They reported mean blood lead levels of
nonexposed adults prior to 1938 to be 58
pg/dl, with 75% being between 20 and 70
pg/dl. Later they reduced this value by
about one-half. Kehoe et al. (4) stated that
lead intake and excretion were in near bal-
ance, and with increased exposure and
absorption came increased excretion, but
the balance was not neutral. There was
some accumulation of lead; about 8% of
daily intake in normal adults was retained.
Unfortunately, Kehoe's conclusions
were based on small differences in lead
content among samples, so small errors
produced by unappreciated contamination
caused difficulties in measuring lead levels.
This was especially true in the normal,
nonpoisoned subjects, for example, in
comparing the differences between diet,
feces, and urinary output and relating the
net differences to changes in blood lead
levels. Ofcourse, in situations ofgross lead
intake-more than 1 mg/day-these errors
became less important. Furthermore,
Kehoe did not seem to appreciate, or did
any of his generation of researchers, that,
even after he made more adequate blank
corrections in 1938 and later and obtained
what he thought were normal values for
blood lead of less than 30, the values he
considered normal were actually those of
lead-contaminated urban Americans.
Natural lead levels were many times lower.
By 1938 some authors concluded that
lead levels in blood were a more reliable
index oflead absorption than lead excreted
in urine according to Traeger and Schmitt
(5) in Germany, who relied on colorimetry.
Teisinger (6) and Bass (7) using electro-
chemical methods, reached the same conclu-
sion. Earlier, using emission spectroscopy,
Shipley et al. (8) at Johns Hopkins found
that blood lead concentrations were useful
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for the diagnosis of lead poisoning.
Similarly, Willoughby and Wilkins reported
that blood lead concentrations are more
stable than those in urine
Similar studies were carried out in the
1950s by Imamura (10), who tried to
duplicate Kehoe's approach in a Japanese
setting. Imamura illustrated the presence of
lead in the body. He found that lead accu-
mulated in the bodies ofcontrol cases and
that lead excretion was always less than
lead exposure. Among men who were given
first 3 mg and then 6 mg lead daily, cumu-
lative lead excretion never accounted for
the total dose, and the balance accumu-
lated daily. About 15% of the dose
remained in the body. The mean blood
lead among controls was 32 pg/dl, and it
reached 80 pg/dl for the lead takers. At
most only 10 mg of the absorbed lead
would remain in the blood, the other
50 mg was thought to be elsewhere in the




Meanwhile, and separately, during the
1940s tremendous advances were being
made with the use ofradioactive isotopes in
physiology and medicine. It was recognized
that many physiologic and biochemical
processes, hitherto quite unmeasurable,
could be quantified with tracers (11). For
example, Shemin and Rittenberg (12) deter-
mined the biologic half-life ofhuman red
blood cells using aradioactive glycine label.
The mathematical analysis of these
tracer experiments was also being formal-
ized. Chemical kinetics were applied to
compartments or pools of physiologic
interest. By measuring the rates of dis-
appearance of radioactive tracers, it was
possible to identify pools of distribution
of the compound within the body and
estimate both the exchange rates among
the pools and the pools' turnover time.
These equations took the form ofcoupled
differential equations that had solutions
in the form of sums of terms with expo-
nential decay factors. Simple one and
two-pool models were written so that
experimental data could be converted to
rates (13).
Stable isotope tracers as well as
radioisotopes were under consideration,
using Geiger counters and Nier-type mass
spectrometers (14). There was little delay
before radioactive tracer methodology and
concepts of compartmental analysis were
applied to lead measurements. However,
the application of stable isotopes would
take another quarter-century. By 1954 the
metabolism oflead in dogs was being stud-
ied with 210Pb (20-year half-life)(15). Also,
radioactive 203Pb (52-hour half-life) was
used to study tissue uptake oflead in rats
(16). Generally these studies examined the
uptake of the radioactive lead by different
organs and how that uptake and release
could be modified by citrate, which was
used to treat lead poisoning at the time
(17). These and other early applications of
radioactive lead are reviewed by Wolfand
Fischer (18). By 1957 the use and sophisti-
cation ofthese mathematical models had
reached the level ofcomplication necessary
to explain the simplest issues of lead
biokinetics, athree-pool model (19).
The 1960s saw the joint application of
radioactive lead techniques and simple
compartmental kinetic models to establish
the exchange rates and residence times of
lead in body pools. Catellino and Aloj
(20) determined the elimination constants
of 210Pb from various rat tissues. They
killed 10 groups offive rats from 1 to 336
hr after intravenous administration of a
100-jg dose of labeled lead acetate. They
identified slow and fast pools, with rapid
elimination from the blood and slow elim-
ination from the bones. They recognized
that lead was bound reversibly to tissues.
Another early application ofradioactive
lead was to examine whether human teeth
could serve as good indicators ofskeletal
lead stores. This was of interest because
radioactive lead is an 0-emitter and large
internal doses were of concern from the
viewpoint ofradiologic health. Researchers
found that the tooth-to-tooth variability of
these extracted adult teeth was 25% within
the same individual, which was viewed as
troublesome. Correlations between teeth
and a postmortem iliac crest specimen were
significant. The authors concluded that
teeth were as adequate as small bone
samples in estimating skeletal burdens of
a-emitting bone-seeking elements. There-
fore, as early as 1963, teeth were recognized
as biomarkers for lead stores (21).
A significant mathematical advance
was the recognition that lead and other
trace elements occur in environmental
samples, including food and water in
concentrations that approach a log-normal
distribution. The daily amounts of intake
and output from the body were then
viewed as randomly distributed. The
mathematical distribution for the amount
oflead stored in the body as a whole was
found to be log-normal (22).
Also in the 1960s, Holtzman (23) at
the Argonne National Laboratory consid-
ered the dynamics of lead within the
body. 2`0Pb was a potential radiologic
concern on its own, but it also was an
indicator of other radon daughter prod-
ucts as well. Special attention was given to
the uptake of lead by bone and its
residence time there because the skeleton
was a key target organ in terms of radio-
logic safety. The long half-life of 210Pb
(21 years) lends itself to the study of the
slow process, which may take decades.
Holtzman was among the pioneers who
applied numeric models of compart-
mental analysis to predict lead levels over
time in different parts ofthe human body.
Among his observations was a bone
retention half-life estimate of 17 years,
which has held up well as more recent
accumulations of estimates have become
available. One recent case report involves
being able to measure 210Pb both in the
urine and retained, by y-emissions from
the skull, over a 10-year follow up. It has
yielded long-term half-lives of 16± 1 and
18 ± 5 years (24).
Barltrop and Smith's work with
radioactive lead demonstrated the uptake
of lead by red blood cells (25). They also
recognized the firm but reversible nature
of lead's binding. During the late 1960s
and the 1970s, a series of experiments
with radioactive lead were carried out
including those by Hursh (26), who
examined the time course of210Pb in dogs
and presented a model with four exponen-
tial terms. He clearly showed blood and
urine elimination dynamics. His other
studies on men who inhaled 212Pb(10-hr
half-life) yielded invaluable estimates of
absorption and clearance, processes that
occur within a day or two (27). He also
fed men 212Pb to calculate gut absorption
rates (28). Although these were very useful
studies, because of the short half-life of
212Pb, processes longer than a few days
cannot be examined; such processes
include blood pool turnover, biliary
excretion and other sources ofendogenous
fecal excretion, or hair or nail uptake.
Chamberlain (29) later summarized these
efforts, using them to estimate the impact
ofairborne lead.
Stable Isotope Tracers
At about this time, from 1970 to 1975, I
employed stable isotope tracer methods at
University ofCalifornia Los Angeles (30).
My teachers George Wetherill and Joel
Kopple enabled me to address the question
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ofhow much lead was entering people by
respiration compared to ingestion. In Los
Angeles in the early 1970s, this was a
matter ofconcern. We fed the volunteers a
low-lead diet supplemented with tracer
204Pb, which is nonradioactive. As such,
204Pb has distinct advantages over 212Pb,
which has such a short half-life that phe-
nomena taking more than a few days
cannot be investigated. Similarly, it is more
useful than 210Pb, which has such a long
radioactive half-life (21 years) and a
decades-long biologic half-life that to get
measurable amounts ofdisintegration, the
lifetime exposure to radiation would be
unacceptably high.
We observed the rapid appearance of
the tracer in the feces and urine and its
gradual accumulation in the blood (31).
After some months, the extent oflabeling
ofthe blood did not increase but reached a
near steady state, reflecting the mixture of
the blood daily inputs: from the labeled
diet and the unlabeled air but also some
amount from the unlabeled skeletal stores.
Consequently, a large part ofour efforts-
and this included modeling-was required
to estimate this skeletal output and
account for it as we estimated the relative
magnitudes of the two external inputs, air
and food. A simple linear model of three
well-mixed compartments was sufficient
for our purpose.
Skeletal lead output was determined by
discontinuing the labeled diet andwatching
the very slow, long-term disappearance of
the tracer in the blood and urine, which is
tracer that had been stored in the skeleton
during the feeding portion ofthe study. We
also had to know the relative amounts of
labeled and unlabeled lead in the skeleton;
and although modeling was useful, several
iliac biopsies provided an additional esti-
mate ofthe turnover and pool size ofthe
skeletal pool. So, in the process oftrying to
estimate the size ofthe daily respired lead
intake, we were forced to estimate the
impact ofthe skeletal pool and to devise a
simple three-pool model (32).
We had no doubt that an actual body is
composed of many more pools, since we
saw different tracer uptake rates in differ-
ent types ofsamples: feces, blood, bile,
pancreatic secretions, saliva, sweat, facial
hair, nails, and bone. Each sample type had
a different extent oflabeling, so each must
come from a different pool, since pools
are, by definition, well mixed (33).
However, we considered three pools to be
sufficient for our study. Additional ancil-
lary information was gathered about gut
absorption factors, the blood pool volume
of distribution and its turnover, endoge-
nous fecal excretion, and the urinary
clearance rates (34).
The gradual rise and slow decline we
saw in tracer lead was remarkably similar
to the changes seen in blood lead levels
in the occupationally exposed population,
which was also being well documented
in the early 1970s. Both total lead and
tracer lead moved with response times of
almost a month plus a smaller, longer
term component (35).
This similarity encouraged modelers. By
1977 data were available for both the rapid
pools and the slower pools, as different
radioactive isotopes with very different half-
lives had been used. Also, some radioactive
lead is the daughter of214Bi, and bismuth
distributions are different from lead distrib-
utions. For this reason Bernard (36) created
a more complete model.
This sluggish response of blood to
changes in exposure is caused by the long
residence time of lead in blood, about a
month (37). The longer term accumula-
tion oflead in the skeleton is seen as a
future source ofblood lead. This release of
stored lead is the rate-limiting factor in its
clearance oflead from the blood. Even if
the kidneys were functioning with youthful
efficiency, filtering lead from the blood
plasma, the slow release oflead from bone
would still be responsible for blood lead
being elevated years after the accumulation
of exposure was discontinued. This has
been noted also in clinical (38) and indus-
trial settings (39), as well as with stable
isotope tracers.
Recent Efforts
During the 1980s more elaborate models
of whole body lead metabolism were
presented. Kneip et al. (40) presented a
somewhat more complex model with six
compartments, based on radioactive lead
studies of infant and juvenile baboons.
This approach had the advantage of
allowing for age-specific changes in lead
metabolism, as it was thought to be more
appropriate to children than a model based
on adult men.
One ofthe key accomplishments ofthe
1980s supported by the U.S. Environmental
Protection Agency (U.S. EPA) was the estab-
lishment ofthe dose-response relationships
between time-varyingpatterns ofexposure to
lead and biologic precursors ofadverse health
effects (41). To this end Marcus (42)
created a series ofmodels for the long-term,
bone-related activity, considering the bone as
several compartments, as well as considering
the blood pool as composed ofthree quicker
pools in blood. These biokinetic models are
the precursors of the biokinetic uptake
models we are considering today. A six-pool
model introduced by Bert et al. (43) in
1989, does a better job than the Bernard
model ofpredicatingevents with a time scale
ofmonths by virtue ofits inclusion ofpools
ofintermediaryhalf-lives.
The 1980s also saw additional extension
in scope ofexperimental studies oflead
metabolism. Heard and Chamberlain (44)
performed a series of experiments with
203Pb (48-hr half-life). After intravenous
injections, gamma counting the y-ray emis-
sion from the feet was used to estimate
skeletal uptake. Urinary output and blood
samples allowed calculations ofthe fate of
dose and clearance rates. Skeletal uptake,
whole blood and plasma, and urinary clear-
ance rates oflead were calculated and com-
pared to other alkaline earth elements,
calcium and strontium. In a separate series
ofstudies, adults were fed 203Pb in solution
and incorporated into lamb organ meats
andvegetables (45). Coincident ingestion of
tea, coffee, beer, calcium, and phosphate
were also measured. Absorption rates varied
from 3 to 19% and up to 50% while sub-
jects were fasting. Other studies sought bet-
ter understandings of tracer methodology
and factors modulating oral inputs. Com-
pared to the earlier studies with 212Pb, the
longer half-life of203Pb allowed for the
examination ofslower processes. Keller and
Doherty (46) studied lead kinetics in devel-
oping and adult mice using 210Pb. They
observed that a simple, three-compartment
model did not adequately account for brain
lead levels.
In addition to whole body kinetics, the
many details of cellular lead metabolism
received closer attention. For example,
Pounds and Mittlestaedt (47) examined
the cellular metabolism oflead in isolated
rat hepatocytes. Fowler et al. (48) used
203Pb to study lead interactions with the
kidney cortex components such as the
brush-border membrane. Rosen (49)
examined lead and calcium and the osteo-
cyte. Each ofthese studies is ofinterest in
terms of the storage and release of lead,
but each one also tells us much about the
kinetics of the several specific targets of
lead toxicity, such as the kidney and
subcellular sites.
It is too early to write a history of
advances in lead biokinetics in the 1990s,
but some accomplishments and trends are
quite apparent. Models are not getting any
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simpler. At the same time that there has
been this elaboration with more and more
pools, there have also been efforts to recon-
cile these mathematical models with epi-
demiologic data. In a recent review, Mushak
(50) noted that recent advances in the area
oftoxicokinetics oflead are explaining the
role of past lead exposure in the values
obtained from longitudinal lead studies and
intervention trials, and in elucidating the
impact of approaching menopause on
women who grew up in the 1940s to 1970s
when environmental lead levels were
generally much higher than they are today.
Three recent modeling efforts are esp-
ecially worth mentioning here. O'Flaherty
(51) has published a series ofphysiologically
based models. This model has been cali-
brated for children, and has the virtue of
containing age-dependent terms for bone
growth and bone mass as well as age-
dependent ingestion rates and dietary
changes. This allows testing ofblood and
bone lead levels to be more labile during
early childhood, tracking environmental
levels fairly closely. A similar model was
developed for adults (52).
Legett has presented an age-specific
kinetic model oflead metabolism (53) that
was developed within a physiologically based
framework designed to address calciumlike
bone-seeking elements. Although originally
conceived to address environmental alkaline
earth radionuclides, which would include
lead, it is a credible and versatile method for
examining the response of humans to
changes in their lead exposure. Arather com-
plete, elaborate, multiple-pool model is
offered with generally linear, first-order
transport among the pools. The actual para-
meters used for each of the 39 pathways
were derived, as much as possible, from
available experimental tracer data from the
literature. These parameters are allowed to
change with age. Nonlinear plasma-red cell
relationships are introduced. The model is
generally consistent with data from a variety
ofexperimental and natural conditions.
The most recent example of such a
multipool model is a series ofintegrated
environmental uptake biokinetic models
generated by the U.S. EPA. An early exam-
ple is LEAD, version 0.5, produced by the
Environmental Criteria (Research Triangle
Park, NC 27709) and Assessment Office,
designed in 1991 for use on IBM PC-
compatible microcomputers running DOS
as a stand-alone software program that uses
the concentrations of lead in various
environmental media (air, water, soil, etc.)
to predict the blood lead distributions in
children of various ages. It consists of
interconnected pools or body compart-
ments. The intended use is to assess the con-
sequences of alternative lead exposure
scenarios in terms ofthe percentage ofthe
children whose blood leadwould exceed any
given standard. These models, with their
many pools and transfer rates, can be varied
to fit existing bloodleaddatawithout regard
to the extent oflead in these many interme-
diate pools. Only the blood lead fit is used
as an index ofgoodness offit, so there are
ample degrees offreedom.
An additional topic that has received
increasing attention is the interaction
between lead and neurons (54). In the
search for the impact oflead at each target
organ, it seems the study ofneurons offers
the chance to examine lead's effects at the
lowest effect level. There is a fast-growing
body ofliterature in this area and only one
recent example will serve as an introduc-
tion. The developing brains of tadpoles
were exposed to lead in nanomolar con-
centrations. Lead reduced the area and
branch tip number of retinal ganglial cell
axon arborization. Their stunting by lead
was reversed by administering dimethyl-
L-succinic acid (DMSA) chelator. Clearly,
we need to learn more about lead interac-
tions with target tissues in terms of the
kinetics of thresholds and reversibility or
permanence oflead's toxic effects.
Conclusion
Biokinetic models that have been con-
structed usefully describe the general charac-
teristics oflead toxicity, observations ofits
clinical course, and laboratory findings. The
clinical picture ofchronic plumbism is
marked by latency ofonset ofsymptoms
and by frequent remissions. Responding to
changes in exposure, blood lead levels rise
faster than they fall. Another peculiar fea-
ture oflead toxicity is the relatively large
amount oflead that can be held innocu-
ously in the skeleton, while much smaller
quantities oflead are toxic to neurons. Also,
biokinetic models provide a conceptual
framework for interpreting this variety of
clinical and laboratory findings. Ofcourse,
risk assessment ofradioactive lead would be
impossible with biokinetic models.
Because opportunities for lead exposure
can come from a variety ofsources, expo-
sure assessment and risk characterization
require the use ofbiokinetic models. This
need extends to children, the occupation-
ally exposed, and elderly adults, whether
they be exposed to lead via soil, dust,
water, food, or air. At this workshop we
heard how these models are being used as a
guide to help risk assessors and managers
to identify populations at risk, to predict
the effectiveness of intervention, to set
clean-up standards, and to determine if a
house or neighborhood requires remedia-
tion. A better understanding ofthe extent
to which a particular biokinetic model
should be used for a certain situation is one
ofthis workshop's main purposes, but such
questions are beyond the narrow scope of
this historical presentation.
A major limitation of current models
is the limited data on which they are
based. It is striking how many different
attempts at modeling used human data
from 1970 to 1975 and how very little
new data there is, on adults, children, or
chimpanzees. A noteworthy study under-
way in Australia is watching blood lead
isotopic composition change during preg-
nancy in women who immigrated with
unusual amounts of lead stored in their
bones (55). Another recent study [Smith
et al. (56)] compares lead ratios from
bone biopsies with those from blood.
These studies directly address the issue of
mobilizing bone lead stores. But these
ongoing efforts aside, I believe that the
field has developed as far as it can without
more new data on lead kinetics. Such
tracer studies on volunteers are safe, and
automated mass spectrometers can now
run a rack ofsamples in one day.
Twenty-five years ago, a study reported
lead data for five adult males. For bio-
kinetic studies to be more useful, we
should have available much more human
data. Also, we could consider how chela-
tors modify these lead pathways and pools.
Modeling, particularly including the target
sites, also has something to contribute to
the questions of thresholds or reversibility
or permanence oflead's effects.
REFERENCES AND NOTES
1. Baker, G. An inquiry concerning the
causes of the endemic colic of
Devonshire (1768). 3rd ed, Vol 1.
Medical Transactions of the Royal
College of Physicians. London:Royal
College ofPhysicians, 1785;175-256.
2. Dickens C. The Traveler. New York:
Books Inc, 1868.
3. Kehoe R, Thamann F, Cholak J. On
the normal absorption and excretion
oflead. II:Lead absorption and excre-
tion in modern American life. J Ind
Hyg 15:257-306 (1933).
4. Kehoe R, Thamann F, Cholak J. On
1464 Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998HISTORICAL PERSPECTIVE ON LEAD BIOKINETIC MODELS
the normal absorption and excretion oflead. JAMA 104:90-92
(1953).
5. Traeger H, Schmitt F. Quantitative Bestimmungdes Bleigehaltes
von Blut und Kot bei Gesunden und BIeikranken mit
Diphenythicarbozon. Z GES EXP Med 100:717-735 (1937).
6. Teisinger J. Eine rasche mikropolarographische Methode zur
quantitiven Bestimmung des Bleis im Blut. Zeit gesam
Experimentelle Medizin 98:520-550 (1936).
7. Bass E. Die Beziehungen des Klinischen Bildes der
Bleivergiftung zum Bleigehalt im Blut und Urin. Deut Mediz
Woch 59:1665-1668 (1938).
8. Shipley PG, McNair Scott TF, Blumberg H. The spectrographic
detection oflead in the blood as an aid in the clinical diagnosis of
plumbism. BullJohns Hopkins Hosp 51:327-328 (1932).
9. Willoughby C, Wilkins E. The lead content ofhuman blood. J
Biol Chem 124:639-657 (1938).
10. Imamura Y. Studies ofindustrial lead poisoning. Osaka City
MedJ 3:167-194 (1957)
11. Zilversmit D, Entenman C, Fishier M. On the calculation of
"turnover time" and "turnover rate" from experiments involving
the use oflabeling agents. J Gen Physiol 26:325-331 (1943).
12. Shemin D, Rittenberg D. The life span ofthe human red blood
cell. J Biol Chem 166:627-636 (1946).
13. Solomon A. Equations for tracer experiments. J Clin Invest 28:
1297-1307 (1949).
14. Branson H. The use of isotopes to determine the rate of a
biochemical reaction. Science 106:404 (1947).
15. Calhoun J, McLean A, HudsonJ, AubJ. Comparative exchange
ofcalcium, lead and radioactive lead in dogs. Am Med Assoc
Arch Ind Hyg 9:9-22 (1954).
16. SchubertJ. Effect ofsodium and zirconium citrate on distribu-
tion and excretion of injected radiolead. J Lab Clin Med
39:260-266 (1952).
17. Hardy H, Bishop C, MalhoofC. Treatment oflead poisoning
with sodium citrate. Arch Ind Hyg 3:267-278 (1951).
18. Wolf H, Fischer R. Radioactive Isotopes in Physiology,
Diagnostics andTherapy. Vol II. Berlin:Berlin Springer 1961.
19. Robertson J, Tosteson D, Gamble J. The determination of
exchange rates in three-compartment steady-state closed systems
through the use oftracers. J Lab Clin Med49:497-502 (1957).
20. Cateflino N, Aloj S. Determination of the elimination
constants of Pb-210 from various rat tissues. Folia Medica
47:238-48 (1964).
21. Hunt V, Radford E, Segall A. Comparison ofconcentrations of
alpha-emitting elements in teeth and bones. IntJ Radiat Biol 7:
277-287 (1963).
22. Rustagi J. Stochastic behavior oftrace elements. Arch Environ
Health 8:68-76 (1964).
23. Holtzman R. Sources oflead-210 in uranium miners. Health
Phys 18:105-112 (1970).
24. Cohen N, Lauer GR, Pomroy C, Morse RS, Hickman DC,
EstradaJS, NetonJN. Long term retention oflead-210 in man
Health Phys 62:553-555 (1992) .
25. Barltrop D, Smith A. Lead binding to haemoglobin.
Experimentia 28:76-77 (1972).
26. Hursh JB. Retention of210Pb in beagle dogs. Health Phys 25:
29-33 (1973).
27. Hursh JB, Mercer TT. Measurement of 212Pb loss rate from
human lungs. JAppl Physiol 28:268-274 (1970).
28. Hursh JB, Suomela J. Absorption of 212Pb from the
gastrointestinal tract of man. Acta Radiol Ther Phys Biol
7:108-120 (1968).
29. Chamberlain A. Affects ofairborne lead on blood lead. Atmos
Environ 17:677-692 (1983) .
30. Rabinowitz M, Wetherill G, KoppleJ. Lead metabolism in the
normal human: stable isotope studies. Science 182:725-727
(1973).
31. Rabinowitz M, Wetherill G, Kopple J. Kinetic analysis oflead
metabolism in healthyhumans. J Clin Invest 58:260-270 (1976).
32. Rabinowitz M, Wetherill G, Kopple J. Magnitude of lead
intake from respiration by normal men. J Lab Clin Med 90:
238-248 (1977).
33. Rabinowitz M, Wetherill G, Kopple J. Delayed appearance of
tracer lead in facial hair. Arch Environ Health 31:220-223
(1976).
34. Rabinowitz M, Wetherill G, Kopple J. Effect of food intake
and fasting on gastrointestinal lead absorption in humans. Am
J Clin Nutr 33:1784-1788 (1980).
35. Tola S, Hernberg S, Nikkanen J. Parameters indicative of
absorption and biological effect in new lead exposure. Br J Ind
Med 30:134-141 (1973).
36. Bernard S. Dosimetric data and metabolic model for lead.
Health Phys 32:44-46 (1977).
37. Rabinowitz M. Toxicokinetics of bone lead. Environ Health
Perspect 91:33-37 (1991).
38. Hyrhorczuk D, Rabinowitz M, Hessel S, Hoffman D, Hogan
M, Mallin K, Finch H, Orris P, Berman E. Elimination kinet-
ics ofblood lead in workers with chronic lead intoxication. Am
J Ind Med 8:33-42 (1985).
39. O'Flaherty E, Hammond P, Lerner S. Dependence ofapparent
blood lead half-life on the length ofprevious lead exposure in
humans. FundamAppI Toxicol2:49-52 (1982).
40. Kneip T, Mallon R, Harley N. Biokinetic modeling for mam-
malian metabolism. Neurotoxicology 4:189-192 (1983).
41. Beck BD. An update on exposure and effects oflead. Fundam
Appl Toxicol 18:1-16 (1992).
42. Marcus A. Multicompartment kinetic models for lead. Environ
Res 36:441-489 (1985).
43. BertJ, Van Dusen L, GraceJ. A generalized model for the pre-
diction oflead bodyburden. Environ Res 48:117-127 (1989).
44. Heard MJ, Chamberlain AC. Uptake ofPb by human skeleton
and comparative metabolism ofPb and alkaline earth elements.
Health Phys 47:857-865 (1984) .
45. Heard MJ, Chamberlain AC, Sherlock JC. Uptake oflead by
humans and effect of minerals and food. Sci Total Environ
30:245-253 (1983).
46. Keller CA, Doherty RA. Distribution and excretion oflead in
young and adult female mice. Environ Res 21:217-228 (1980).
47. Pounds J, Mittlestaedt R. Mobilization ofcellular calcium-45
and lead-210. Science 220:308-310 (1983).
48. Fowler B, Squibb K, Oskarsson A, Taylor J, Carver G. Lead-
induced alterations ofrenal mitochondrial membrane structure
and function. Toxicologist 1:19 (1981).
49. Rosen J. The metabolism oflead in isolated bone cell popula-
tions interactions between lead and calcium. Toxicol Appl
Pharmacol 71:101-112 (1983).
50. Mushak P. New directions in the toxicokinetics ofhuman lead
exposure. Neurotoxicology 14:29-42 (1993).
51. O'Flaherty E. Physiologically based models for bone seeking
elements. V: Lead absorption and disposition in childhood.
ToxicolAppl Pharmacol 131:297-308 (1995) .
52. O'Flaherty E. Physiologically based models for bone seeking
elements. IV: Kinetics oflead deposition in humans. Toxicol
Appl Pharmacol 118:16-29 (1993).
53. Legett R. An age-specific kinetic model of lead metabolism.
Environ Health Perspect 101:598-616 (1993).
54. Cline H, White S, Jones K. Low lead levels stunt neuronal
growth in a reversible manner. Proc Natl Acad Sci USA 93:
9915-9920 (1996).
55. Gulson B, Mahaffey K, Mizon K, Korsch M, Cameron M,
Vimpani G. Contribution of tissue lead to blood lead in adult
female subjects based on stable isotope methods. J Lab Clin
Med 125:703-712 (1995).
56. Smith D, Osterloh J, Flegal A. Use ofendogenous, stable lead
isotopes to determine release oflead from the skeleton. Environ
Health Perspect 104:60-66 (1996).
Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998 1465